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V. Sumiki and K. Mivao, J. agric. Chem. Soc. Japan 26, 27 
(1952). 

K. Mivao, Bull, agric. chem. Soc. Japan 19, 86 (1955). 
K. Mivao, Bull, agric. chem. Soc. Japan 24 1 23 (I960). 
Abbreviations: Ami no- acids and peptides are abbreviated as 
recommended by the committee on Nomenclature which reported 
at the 5th European Peptide Symposium, Oxford, 1962, Pro- 
ceeding (Ed. G. T* Young, Pergamon Press, 1963). In addition: 
1 - benzyloxycarbonyl; OtBu = tertiary butylester; ONSu = 
X-hydroxysuccinimidester; OPhNO a « p-nitrophenylester. 
B. Iselin and R. Schwyzer, Helv. chim. Acta 43* 1760 (1960). 
R. Schawzer and P. Sieber, Helv. chim. Acta 40, 624 (1957). 
We kindly thank Dr. K. Mivao for supplying us with a sufficient 
amount of natural fungisporin for this comparison. 



Two New Groups of Selective Stimulants of Adrenergic ^-Receptors 



Sympathomimetic agents acting on the adrenergic 
^-receptors are widely used in the treatment of bronchial 
asthma. Since both bronchodilatation and excitation of 
cardiac muscle are mediated by stimulation of the 
adrenergic preceptors, bronchodilatation is often accom- 
panied by tachycardia and palpitations. However, recent 
observations by Lands et al.*-» indicate that the adren- 
ergic preceptors in the heart are different from those in 
the lung. 

We have synthetized and tested phannacologi :ally a 
series of compounds of the following general formula: 
HO 



WH-CH 4 -XH-R 
\==/ I 

HO ° H 

where R is a branched alkyl group or cycloalkvl group, 
equal to /-butyl, /-pentyl, /-hexyl. cyclopropvl. cyclobutvl, 
cyclopentyl and cyclohexyl. The compounds were tested 
for bronchospasmoljtic effect in vitro on the isolated 



guinea-pig trachea and the effect on heart muscle on the 
right guinea-pig auricle (spontaneously beating). The 
effect on the tracheal muscles and on the heart muscle 
did not run parallel within the alkyl and the cycloalkvl 
series as can be seen from Figures 1 and 2. In the alkyl 
series maximal effect on the tracheal muscles was ob- 
tained for R =.= /-butyl, with an effect corresponding to 
0.3 that of (-)-adrenaline. For R = /-pentyl and /-hexyl 
the effect on the trachea decreased. The effect on the 
right guinea-pig auricle was most pronounced for R = 
isopropyl (0.4 x (-)-adrenaline). With increasing size oi 
the substituent, the effect on this preparation decreased. 



A. M. Lands, G. E. C.roblewski and T. G. Brown jr.. Arch, int 
Phamiacodyn. /€/, 68 (1966). 

A. XI. Lands, F. P. Luduex-a and H. I. Bizzo, life Sci. 6 2241 
(1967). 

A. XI. Lands, A. Arnold, J. P. McAuliff, F. I\ Lcpvena and 
T. G. Brown jr.. Nature 214* 597 (1967*. 
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Abstract 

^ZlT/T F*" ° f fOUr l ° * rMidUe$ 8re intestine for their biological properties Unfortunately the 
synthes.s of the hnear precursor is generally fastidious and the cyclization often occurTin low viISTmSS 
modeling used through the c*nmol program is a powerful tool for predicting the best pTec^oT a was 

Sid/ rl ^ZF TT , When "° SUUC,Ural fC£ " Ure (JV " Mc amino acid > P™. -4 « pSemTn th^ 

pept.de. Th.s led us to develop a method using a reversible chemical modification of the peptide maTn chrin in 

X^^SS^f' ra ^ ab ' e " Cyd T ^ ^^^'alanine was uJLZ^^tlZ 
ZS 8 ^ f ^lf r P *?. su ^ st,tuent 0n the main-chain nitrogen atom*. The cycli^on yield increases 
from less than 1 % to 27% aficr this chemical modification and cleavage of the Boc groups Molecular modern 



Introduction 

Small cyclopeptides of four to six residues are of 
great interest because of their particular properties. 

They are not recognized by exoproteases, so 
cyclic peptides are more resistant "in vivo" [1J. 
The crossing of lipidic membranes, leading to 
better bioavailability, is facilitated by the absence 
of charged extremities. 

A cyclic peptide is often more active than a linear 
one, and sometimes corresponds to a more specific 
and more efficient drug. 

Natural cyclopeptides or cyclodepsipep tides 
generally possess interesting biological properties: 
gramicidin [2,3] is an antibiotic; dolastatin 3 [4,5] is 
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one of the most powerful antineoplastics known; 
peptides of the destruxin family [6,7] are very 
efficient insecticides; tentoxin [8-11] and HC- 
toxin [12,15] are phy to toxins; chlamydocin 
[16-20] exibits cytostatic and cancerostatic 
properties. 

The various techniques suggested in the litera- 
ture [21>22] for cyclization, which represents the 
limiting step, are often unsatisfactory. 

Various factors are involved in the cycliz- 
ation step. From a previous work [23] on five 
tetrapeptides (4-Ala-chlamydocin [24], HC- 
toxin [25], cyclotetrapeptides of sarcosine in 
combination with glycine [26], and 4-Ala-chlamy- 
docin [27] and Cyl-2 [28] analogs) we found 
from modeling calculations performed with the 
genmol program [29] that the barrier to reach 
the transition state energy is the limiting factor in 
the cyclization reaction for these peptides. 
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The rigidity of the linear precursor increases the 
difficulty of cyclization. Peptide bonds possess 
strong 7T character and preferentially adopt a trans- 
oid conformation [30]. The linear precursor is elon- 
gated with the terminal acid and amine functions in 
remote positions, this being unfavorable to intra- 
molecular coupling. The presence of N-substituted 
amino acids [31] (imino acids) or d and l amino 
acids in alternate positions [15] re-establishes the 
transoid-cisoid equilibrium. The cisoid form is 
favorable for cyclization, as was suggested by 
Bhatnagar [32] from the ten toxin example. An 
experimental result concerning ihe cyclization of 
tetragiycine [26] and tetrasarcosine [33] under the 
same conditions confirms this effect. The yields of 
cyclomonomer are 5% and 43% respectively. If no 
natural factor favorable to cyclization exists, we 
can use a reversible N-substilution in order to 
shift the cisoid-transoid equilibrium to the cisoid 
conformer. In order to study the chemical substi- 
tution on the nitrogen atoms we chose tetraphenyl- 
alanine as a model. 

This choice was made for two reasons: 
There is only one closing site, which avoids the 
variations of the yield due to different possible 
precursors; 

The cyclization yield is very low ( < 1 %) so any 
increase of the cyclization yield will be observed. 

Tetrapeptide cyclizations 

4-Ala-chlamydocin 

In a previous work [23] calculations performed 
on the transition state of the cyclization reaction of 
the four precursors of 4-Ala-chlamydocin: (1, Phe- 
D-Pro-Ala-Aib-OS; 2, r>Pro-Ala-Aib-Phe-0$; 
3, Ala-Aib-Phe-r>Pro-0$; 4, Aib-Phe-D-Pro- 
Ala-0$) indicate clearly that the barrier (acti- 
vation energy) in order to reach this State was the 
main factor in the cyclization of these peptides (if 
compared to the other factors like dirnerization, for 
example). The transition state displayed in Fig. 1 is 
modeled based on the association N- ■ ■ C=0 
observed in the crystal state [34] of other nonpep* 




Fig. 1. Geometry of the transition state under the constraints 
imposed in the calculations. 



tide compounds. The energy height is considered as 
the difference between the strained geometry, in 
which distances are imposed as indicated in Fig. 
1 , and the relaxed geometry, which is the closest 
to this strained state. 

The calculations were performed on the charged 
forms chosen in order to illustrate the nucleophilic 
and electrophilic partial charges of the transition 
state. The results corresponding to the geometries 
and the energies of the transition state before and 
after relaxation are reported on Table 1 . Precursor 
3 corresponds to the lowest energy difference 
(14kcalmol" 1 ) compared to 55, 54 and 54kcal 
moP 1 for precursors 1, 2 and 4 respectively. 

The transition state energy for precursor 3 is also 
the lowest (61.7kcalmol _I ) compared to 129, 106 
and 103 kcalmor 1 for precursors 1, 2 and 4 respec- 
tively. These modeling results correspond to 
experimental observations [27]. In our previous 
work [23], the calculation results indicate that the 
dirnerization reaction and the steric hindrance to 
ring closure are of secondary importance for 
cyclization. In order to check the general validity 
of the model, the study was extended to five 
other tctrapeptides: two HC-toxin analogs; cyclo- 
tetrapeptides of sarcosine with glycine; 4-Ala- 
chlamydocin; CyU2 analogs. In all cases, the 
best precursor is suggested by the modeling 
calculations. 

Tetraphenylalanine 
Chemistry 

The steric effect of the N-substitution decreases 
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Table 1 ' 

Energies E (kcal moP 1 ) and geometric parameters d t a (dis- 
tances in angstroms, angle, in degrees) for the transition 
states of the 4-A!a-chlamydocin precursors in strained and 
relaxed forms 



Form 6 Parameter Precursor 11 
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2 


3 
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A F 




106 


61.7 


103 


u l 


2 77 




2.76 


2,78 


<k 


3.05 


3.07 


3.08 


3.03 


d> 


3.14 


3.12 


3.13 


3.12 


4 


3.24 


3.23 


3.22 


3.25 


a 


94.5 


96.3 


94.7 


94.5 


B E 


78.4 


52.7 


46.9 


51.4 


d\ 


3.23 


2.95 


2.93 


3.03 




3.22 


3.70 


3.22 


3.03 




3.71 


3,14 


3.33 


3,44 


di 


3.60 


3.70 


3.57 


3.95 


a 


91.6 


108.3 


102 


U6.2 


C £ 


73.7 


52.0 


47.6 


4B.8 




3.06 


2.94 


2.97 


2.98 


* 


3.13 


3.74 


3.15 


3.22 


di 


3.3! 


3.04 


3.46 


3.50 




3.98 


3.79 


3.66 


4.12 


a 


117 


113.7 


105 


134 


A£(A-C) 


55 


54 


14 


54 


Cyclization yield (%) 


2 


3 


45 


3 



4 A, strained state; B, relaxed by force field calculations; C, 

completely related after rotation around pivots [23). 

b Precursor 3 is the most favorable for cyclization 

(14kcalmor' is the lowest energy to reach the transition 

state). |, Phe-D-Pro-AIa-Aib-O*; 2, D-Pro-Ala-Aib- 

Fhe-0$; 3, Ala-Aib-Phe-D-Pro-O*; 4 t Aib-Phc-D- 

Pro-AlA-O*. 

the 7r character of the peptide bond, which facili- 
tates rotation around this bond and thus re-estab- 
lishes the equilibrium between the transoid and 
cisoid populations, The rotation barrier is esti- 
mated to be around 20kcalmol~ l [31], which is 
confirmed by calculations with the cenmol pro- 
gram: the energy decreases from 22.6 to 10.5 kcal 
mor 1 if a Boc group is added on the nitrogen 
atom, a result which confirms the increase of the 
cisoid conformer population when the nitrogen 
atom is substituted. 

This substitution effect led us to develop a 



method of reversible chemical modification of the 
peptide mam-chain conformation. The best result 
was obtained with the Boc substituent; an experi- 
mental procedure used to add the Boc group on the 
nitrogen atom is described by Gunnarsson et al. 
[35,36]. In Fig, 2 the main steps of the synthetic 
route to prepare the "over Boc 1 ' Phe 4 are dis- 
played. This modification of the main-chain 
improves the yield of cyclization from less than 
1% to 27%. Other attempts using different substi- 
tucnts have failed to prepare linear precursors [37]. 

Modeling of the tetraphenylalanine cyclization 

Molecular modeling was used in order to explain 
the significant increase of the experimental cycliza- 
tion yield when Boc groups are added on the nitro- 
gen atoms of the linear precursor. 

In contrast to the 4-Ala-chlamydocin case 
previously studied, only one closing site exists 
for Fhe„ and its "over Boc" derivative. How- 
ever, the same idea — that the transition state 
energy is the determining factor for the ring 
closure — directs us in the modeling approach. 
The geometry of the transition state was blocked 
and the corresponding energy was calculated, first 
under strain and then after relaxation. 

The extremities of each linear peptide are pro- 
gressively moved farther away (with a step of 1 A) 
and at each step the molecule is relaxed. The start- 
ing point corresponds to a distance of 2.8 A (the 
shortest distance without atom interpenetration) 
The results are displayed in Table 2 for Phe 4 -0 Act 
and in Table 3 for the "over Boc" Phe 4 -0 Act. 

Some meaningful information can be drawn 
from this analysis, as follows. 

Phet-OAct. The energy remains almost the same 
(Table 2) whatever the distances between the 
extremities 91. 6 kcal mol" 1 for 3 A and 89.2 kcal 
mo! -1 for 8 A, When the molecule is relaxed at 
each calculation step, the energy well as the geo- 
metry remains equivalent to those of the strained 
state. These results indicate that there is no 
privileged geometry in the closing region for this 
molecule. 
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Yield 27% 

Fig. 2. The principal steps of the chemical method developed 
to obtain a cyclopeptide. Example corresponding to Lhe 
cyclotetraphenylalaline: 1, protection of amine terminal 
function; 2, selective substitution of amidic nitrogen 
atoms; 3, regeneration of terminal amine function; 4, regen- 
eration of terminal acid function; 5, cych'zarion; 6, Boc elim- 
ination and purification. 

"Over Boc" Pke A -OAct. The strain energy for 
this molecule is lower than in the Phe 4 -OAct 
molecule, although a greater number of atoms is 



involved. The energy in the transition state is 
35.5kcalmor l instead of 94.3 kcal moP 1 for 
Phe 4 -0Act, which means that the Boc substitu- 
ents give more softness to the molecule, as is 
shown by the decrease of the rotation barrier 
around the peptide bond. The strain energy 
increases with the distance between the extremi- 
ties; 70,1 kcal mol" 1 for a distance of 8A S which 
is confirmed when the molecule is relaxed, the 
strain energy and the distance between the extremi- 
ties decreasing systematically; For example, on the 
last point calculated (8 A), the energy becomes 
48.2 kcal mol" 1 while the distance between the 
extremities becomes 6.02 A after relaxation. These 
results show a small decrease in the energy barrier 
(from 3.5 to 0.8 kcal moP 1 ) to reach the transition 
state, which is very low in both molecules and not 
the significant factor. However, these results also 
indicate that substitution of main-chain nitrogen 
atoms increases the softness of the molecule and 
stabilizes thai conformation with both terminal 
functions close together, which explains the best 
experimental cyclization yield. 



Conclusion 

From molecular modeling with the program 
genmol it is possible to predict the best plausible 
precursor for cyclization, as was done on 4-Ala- 
chlamydocin and other small peptides [23] from 
the transition state energy analysis. 

Sometimes all the precursors of cyclopeptide 
can be linear and rigid (unfavorable for cycliz- 
ation), which led us to develop a method of rever- 
sible chemical modification of the peptide main- 
chain conformation, favoring the cisoid form. 
In all cases molecular modeling appears as a 
powerful tool to understand the experimental 
results and even allows them to be predicted, 
which saves much time and avoids useless 
synthesis experiments. 

The method was defined using letra- 
phcnylaialine as a model. In this case, the 
non-cyclization of this peptide is not related 
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Table 2 ' 
Energies £ (kealmol"') and geometric parameters d a fdistannM i„ - 

strand state and the re.axe d state co^on^ J^l^Z^ ^^^ "» 
Strained A 



129 



4 
4 



Relaxed C 



4 
a 



2.80 
3-05 
312 
3.17 

90 

94.3 

3,60 
3.40 
3.65 
3.89 

90 

90.8 



3.00 


4.00 


5.00 


3.07 


3.39 


4.22 


3.20 


4.48 


5.60 


3.68 


4.24 


4.93 


103 


89 


79 


91.6 


89.8 


89.0 


3.77 


4.09 


4.78 


3.49 


3.36 


3.96 


4.89 


4.64 


5.42 


4.14 


4.44 


5.61 


94 


91 


82 


90,6 


86.1 


87.7 



6.00 
5.52 
6.71 
5.53 

65 

88.2 

5.53 
4,76 
6.43 
516 

68 

87.3 



7.00 
6.85 
7.68 
6.17 

51 

88.1 

6,40 
5.7] 
7.44 
5.61 

52 

87.4 



• See entries A and C of Tab!e 1. The molecul* prefer, to adopt a linear conformation (transoid) unfavoraWe for 



8.00 
8.06 
8,59 
6,87 

37 

89.2 

7.37 
6.83 
8.39 
6.34 
41 

87.0 



cyclization, 



Table 3 



Energies £ (kcal mol ] ) and geomeirig parameters d <* f distance* in i nMt ,Ai i . 

OA. in a. strained state and in the reU, £ j^^^^^^^^ ^" 



Strained A </, 2 .80 



* £S JS J" J* 7.00 8 . 00 

*U 3.03 IS t2 6 Al I?. 



t» Jr r P P r r 

35.5 343 S« " 52 43 31 

■ vf - 3 36.8 45.e 30.4 



80 64 S2 

~ J 368 45 * 50.4 61.2 70 1 
Relaxed C rf, 3 2 <J a .an 

1 3.40 3,64 4oj 472 



3 09 i"Tq 4 - 12 531 5.98 £77 

1'7* III 314 338 372 3.33 4 78 

S» SL 3 8 7, £.7 



— * ■_ _ ' v HJ.D 4 

' Sec entries A and C of Table 1. T*e molecule p^fcrs to adopt a cJcscd conformation (cisoid) favorable^"^ 



to the transition state energy, as it was for 4-Ala- 
chlamydocin and the other tetrapeptides 
previously studied, but to a conformational 
problem, i.e the preferred linear and rigid 
conformation of this molecule is unfavorable 
for cyclization. However, addition of Boc groups 
on the peptide main-chain nitrogen atoms 
softens the molecule and induces a conformation 
with the extremities close together and able to 
cyclize 
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Abstract. Cyclic analogs of two biologically active gastrin 
peptide analogs were synthesized to determine the effect 
of such a limited restriction on the many conformations 
these small peptides can assume in solution. Tryptophyl- 
methionylaspartylphenylalanyl and Tryptophyimethionyi- 

aspartylphenylalanyltryptophylmethionylaspartylphenylalanyl were devoid of secre- 
tagogue activity and were unable to inhibit the activity of an active secretagogue. ; :|;| 
It is concluded that the gastrin receptors require not only the proper amino acid ;v|;| 
sequence but also a particular three-dimensional conformation of biologically active ■; : f;|: 
analogs of gastrin. 

The full range of the biological activity of gastrin is displayed by the ;|; 
carboxy-terminal tetrapeptide amide amino acid sequence of the hormone, f 
Tryptophylmethionylaspartylphenylalanine amide, and acylation of the ; |; 
a-amino group of tryptophan may enhance potency [Morley, 1968]. || 
Since removal of the amide from the phenylalanine residue abolishes the yp 
biological activity, it appears that neither end of the tetrapeptide should 
be free for optimum secretagogue activity. - ; : b 

Although several hundred analogs of this tetrapeptide amino acid ./P. 
sequence have been prepared [Morley, 1968], none of the compounds | 
were designed to test specifically the effect of the three-dimensional folding : :•;'§; 
of this small peptide chain on the secretagogue activity. Membrane diffu- v |:i 
sion studies have shown [Craig et al., 1964] that the conformation of small 
peptides is sensitive to the ionic environment. Furthermore, secretin, which |; 
inhibits the acid secretagogue activity of pentagastrin in man [Brooks and ■■§; 
Grossman, 1970] has part of its peptide chain stabilized as a cyclic ; :| 
structure [Bodansky et aL, 1969]. To test if three-dimensional folding 
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has a part to play in determining biological activity of the short gastrin 
tetrapeptide analogs, we have synthesized cyclic peptide analogs with the 
intent of determining the effect of the imposition of this limited restriction 
on the many shapes the peptides can assume in solution. 
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Fig. 1 



Figure 1 outlines the synthesis of two cyclic peptides (VI and XIII) 
which are analogous to biologically active linear peptides. The starting 
material, compound I, was synthesized as described byDAVEY et aL [1966]. 
Removal of carbobenzoxy groups, abbreviated at Z in figure 1, was ac- 
complished by hydrogenation at room temperature; azide coupling to 
produce cyclic peptides took place at 0°C for 7 days with the peptide 
concentration at 1 mM. At this low concentration, polymerization did not 
take place. Secret agogue activity was determined in mongrel female dogs 
of 10 kg weight with stainless steel gastric cannulas, and the peptides 
administered in saline i.v. with an infusion pump for a 1-hour period. 
Gastric juice was collected at 15-min intervals. To prevent dehydration, 
saline was infused during the entire experiment at a rate of 200 ml/h. The 
known acid and pepsin secretagogue, compound II named gastratet, has 
been studied in dogs in this laboratory [Sachatello et ah, 1971] and 
served as the standard for the comparison of the cyclic peptides. 

In both cyclic peptides VI and XIII, a phenylalanine residue may be 
considered to acylate the a-amino group of tryptophan, and the a-amino 
group of tryptophan forms an amide with phenylalanine. Both peptides 
might, therefore, be expected to be secretagogues. However, both peptides 
were inactive at doses of 1, 3, 6 and 9 /*g/kg/h, and did not alter the 
secretagogue activity of peptide II which is unequivocally active at 1 fig/ 
kg/h. Morley [1968] has postulated that the aspartic acid residue is the 
active site of gastrin and the other amino acids are necessary for binding 
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to the cellular receptors. Had the cyclic peptides been bound even though 
they were themselves inactive as secretagogues, they would have been 
expected to inhibit the activity of peptide II. 

The cyclic peptides differ from the linear analogs in that one of the 
hydrogen atoms of the amide groups of phenylalanine is substituted by 
a bulky group. However, Morley [1968] found 'significant activity' in 
the anilide and piperidine analogs in which, respectively, an aromatic 
6-membered ring is substituted for one amide hydrogen, and a saturated 
6-membered ring is substituted for both amide hydrogens. It thus appears 
unlikely that the formation of an amide of phenylalanine with the a-amino 
group of tryptophan is in itself inconsistent with biological activity. 

The linear analog of peptide XIII, obtained by treating peptide IX 
with ammonia in methanol, was active as a pepsin and acid secretagogue, 
and the magnitude of the response suggested that both aspartic acid 
residues were functionally active sites [Tritsch et aL, 1971]. This in- 
dicates that the dimeric structure is not inconsistent with biological 
activity per se, but that the restrictions imposed upon the three-dimensional 
conformation by the cyclic structure prevent the manifestation of hormone 
activity as well as binding to the cellular receptors. 

It is concluded that the gastrin receptors on the chief and parietal cell 
membranes require a conformation of the hormone which the large rings 
of the cyclic peptides were unable to assume. Since rings of this size 
permit considerable numbers of three-dimensional conformations to be 
assumed, it appears that the gastrin receptors require not only the 4 amino 
acids in proper sequence, but a rather specific spatial arrangement as well. 
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AB Cyclic peptides (I, Rl = benzylcarbonyl, isovaleryl; R2 and R3 are OH 
individually or together as carbonyl) and U are manufd. by culturing 
Flexibacter sp. I and II are inhibitors for esterase of leukocytes and 
are useful for treatment of lung diseases such as ARDS. 
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